There have been many papers reporting visible luminescence and light emission at 1.54 micron, at room temperature, from porous silicon (Psi) and from Erbium doped Psi, respectively. These results have stimulated a great deal of excitement, because they suggest the possibility of a silicon based optoelectronics technology. In this paper, in order to generate radiation at 1.54 micron in Psi, a diffferent approach based on Raman scattering is presented. This approach has important advantages: no special impurities are required, so samples realisation is simple and chip; moreover enhancement of Raman scattering and nonlinear effects in nanostructured porous silicon could be experienced. Finally preliminary experimental results of Raman emission in porous silicon at 1.54 micron are reported.
INTRODUCTION
Silicon is by far the dominant semiconductor material in today`s manufacturing of electronic equipment. The enormous progress in this area, which enables powerful computers and mobile communications, is based on the miniaturization of semiconductor devices. This ever-ongoing development has taken to processes where smallest dimensions are about a quarter of a micron in production. The shrinking of dimensions has during the past 20 years obeyed Moore`s law, where for every 18 months, dimensions are reduced of a factor 2. The prediction of Moore`s law states that 10 nm sizes will be in production, maybe, in the years 2010-2020. The shrinking of dimensions into nm dimensions has taken to different types of nanostructure. According to dimensionality we have: nanocrystals and quantum dots representing 0-dimensionality structures (0-D); quantum wires and pillars representing 1 dimensional structures (1-D), while quantum well and standings walls represent 2 dimensional structures (2-D). The prospect of new devices makes Si nanostructures a highly interesting and challenging research direction [1] . Nanostructured porous silicon could be useful in realising a variety of optoelectronic devices. The light emission could potentially be used for a light emitting diode forming the heart of integrated on-chip optical interconnects. In 1990, for the first time, visible luminescence from porous silicon (PS) was proved by Canham [2] . High porosity sample, consisting of an array of separate silicon columns, was fabricated by an electrochemical etch. It was suggested that the emission of visible light from porous silicon may be due to quantum confinement effects. The efficiency of porous silicon led's has risen by 5 orders of magnitude over the last decade so far to 1%. As a consequences porous silicon led's is approaching commercial viability for some integrated display application, but they performances remain quite inadequate for optical interconnect, the main initial driver. However, in order to improve their performances there are two promising approach: monodisperse nanostructures and the exploitation of optical microcavities [1, 3] . The radiative atomic-like transition at 1.54 micron from Er is very important because it matches the window for maximum transmission in silica based optical fibres. Regarding Psi, the very large surfaces area to volume ratio makes it very accessible for Er-doping, as well as a host for large concentration of oxygen necessary for erbium emission. Doping of PS has been achieved by ion implantation, diffusion and electrochemical deposition. So far the estimated external quantum efficiency of Er-doper porous silicon led's is 0.001% [1, 3] . Raman scattering is a technique that has been entirely overlooked in attempts to generate light from silicon. In this approach the natural atomic vibrations of silicon can be used to create or amplify light. This is significant because no special impurity or complicated device structure are needed. Raman scattering is used in optical fibres for light generation and amplification, however several kilometers of fibre are required to make a useful device. Typical dimensions on a chip are millimeters, for this reason Raman effect was not considered as a candidate for realising silicon optical devices. However, it is important to point out that the Raman effect in silicon is nearly 10,000 times larger than that in the glass fiber. This is so because silicon is a crystal with a well ordered atomic arrangement, compared to glass, which is amorphous, with a random atomic arrangement. Moreover, another major difference between the two is that silicon has a high refractive index (3.5) whereas glass a low index (1.5). As a consequences the optical energy in silicon waveguides, being tightly confined, results in high intensity, further enhancing the Raman effect. Exploiting these properties, Raman emission, Stimulated Raman Scattering (SRS) and Coherent Anti-Stokes Raman scattering (CARS) have been proved in SOI waveguides by Opto-electronic Circuits and Systems Laboratory at UCLA [4] . In this paper, on the same line of argument, an approach based on Raman scattering in porous silicon is proposed. It has important advantages: no special impurities are required, so the production of samples is simple and chip; moreover the enhancement of Raman scattering and nonlinear effects in porous silicon, with respect to silicon, could be experienced.
RAMAN SCATTERING AND NONLINEAR PROPERTIES IN POROUS SILICON
Porous silicon can be formed by electrochemical etching of a crystalline silicon wafer in concentrated hydrofluoric acid solution under a controlled current. The pore size and porosity can vary over a wide range depending on the electrochemical parameters and the doping conditions of the initial Si wafer. The pores preferentially propagate in directions specified by the crystal axes or the direction of current flow. High porosity silicon may have a pillar-like structure (1-D) while a low porosity must be regarded as an interconnected nanocrystals structure (0-D). Because of the tremendous number of pores in the porous silicon, the surface area can become very large. The refractive index of PS is expected to be lower than that of bulk Si, because PS is basically a mixture of air and Si. Of course, as the porosity is increased, the refractive index of the PS layer tends to that of air. The refractive index is also sensitive to the aging or treatments the PS samples can suffer. For example, it decreases during oxidization, because of the lower refractive index of Si-oxide compared to that of Si. Since the size of the etched pores is much smaller than the wavelength of visible and infrared light, PS behaves as a homogeneous dielectric layer with an effective refractive index. Regarding the transmission spectra, they are shifted towards higher energy compared to that of bulk Si and this shift increases with increasing porosity. Summarising the main advantages of porous silicon are: it is CMOS compatible; being the formation of PS a wet etch process, the apparatus to form PS is simple and chip; the emission wavelength is tunable all over the visible spectrum; it has a very large internal surface which is highly chemically reactive. Disadvantages are: it is fragile; it is chemically unstable; it is a very low electrical and thermal transports material [5, 6] .
RAMAN SCATTERING
When light incidents the materials, a small fraction (approximately 1 in 10 7 ) is scattered inelastically. In a material the induced polarization, oscillating at the frequency of the incident light, interacts with the molecular vibration to create a polarization oscillating at frequencies shifted by the frequency of the vibrations, which then can radiate at the shifted frequency. This is called Spontaneous Raman effect. A spectral analysis of the scattered radiation reveals the existence of frequencies that are shifted down by increments equal to vibrational frequencies of the material irradiated. This type of scattering is referred to as Stokes Scattering. Frequencies equal to the sum of the incident wave frequency and the vibrational frequencies are also present in the scattered radiation. This is the so-called anti-Stokes scattering. In quantum mechanical terms it is described as the molecule absorbing a photon at the original frequency and emitting a photon at the shifted frequency, while simultaneously making a transition between a transitional states. Raman Scattering is a no destructive tool that is useful in the characterization of materials. In Raman scattering both energy and momentum had to be conserved. In an ideal crystal translation symmetry leads to plane wave phonon eigenstates. Due to the small wavevector of the optical photons, the phonons in the Raman scattering of crystals have very small momentum compared with the Brillouin zone. So one-phonon Raman scattering probes only (Brilloiun) zone center phonons. Disorder finite size effects or when the crystalline size becomes very small, quantum confinement relax the q=o rule and phonons at q#O become Raman active leading to a downshift and broadening of the Raman peak. The phonon peak broadens towards lower energy and shifts slightly. The line-shape asymmetry increases as the incident photon energy is increased. In crystalline silicon the first-order Raman peak is shifted by 520 cm -1 , it is symmetric and has a width of 3 cm -1 . In amorphous silicon the q-selection rule does not apply due to the loss in long range order. All phonons are therefore optically permitted and the Raman spectrum presents a broad prominent hump at 480cm -1 .
In porous silicon Raman scattering should be 10 times stronger than crystalline silicon, perhaps due to the surface enhancement or resonance effect, which is under further investigation [7, 14] . A quantitative model was developed by Campbell and Fauchet to estimate the the average size of the nanocrystal from the Raman spectrum. Using this model the Raman lineshape and shift can be related with the average size of nanocrystals [15, 16] .
NONLINEAR EFFECTS IN POROUS SILICON
The study of nonlinear optical materials has been driven in recent years by the need of optically active devices that can be integrated into optoelectronic circuits. Unlike electrons, photons do not interact directly, interaction is only possible with the aid of a suitable nonlinear optical material. In nonlinear interaction of light with matter, the light first induces a nonlinear response in a medium, and the medium in reacting modifies the optical field in a nonlinear way. The former is governed by the constitutive equation and the latter by the Maxwell's equations. The quantitative description of a lower order nonlinear effect usually starts with a set of coupled wave equations with the nonlinear susceptibilities acting as the coupling coefficients. In centrosymmetric media (media with inversion of symmetry), the second order nonlinear susceptibilities must vanish and the lowest order nonlinearity is of third order. We note that third order nonlinearities χ (3) does not need an anisotropy, so they are always present. In general the third order nonlinearities χ (3) has two contributions: the real part describes the intensity dependent index of refraction, it play a role in self focusing and defocusing of light and in creating optical stark shifts; the imaginary part describes two photon absorption and Stimulated Raman Scattering (SRS) [17, 18] . In order to realise optical active devices, at present the problem to be overcome is one of materials. The key trade-offs are among the propagation losses (which limit the effective device length), the nonlinearity (which combined with losses determines the required device power) and the nonlinearity response time. There has been a great deal of progress in this area in the last decade with semiconductors, with their rich variety of nonlinear mechanism, and organic materials, which still appear promising. However, the materials investigated up to now exhibit nonlinearities, which are still too low for realistic high speed devices performing at low optical power. A way to enhance the cubic nonlinearities in materials is to artificially 'shrink' the electrons in regions much shorter than their natural delocalization length in the bulk. In such morphologies, optical resonances will usual appear, resulting from dielectric or quantum confinement, the former prevailing in metal nanocrystals, the latter prevailing in semiconductor nanocrystals. Quantum confinement occurs at a nanometer scale when the electron and hole envelope functions are restricted within a region whose spatial extension is lower than the exciton Bohr radius. This leads to quasi-discrete energy level structures, eventually showing sharp absorption lines. The concentration of the oscillator strength into these discrete levels leads to enhancement of the optical transitions rates and to size-dependent nonlinear optical susceptibility [19] . In semiconductor, different physical mechanisms can induce optical nonlinearities related to real part of third order susceptibilities (Re(χ (3) )). The most important are: thermal, resonant and non resonant optical nonlinearities. Nonlinear refraction can be produced by thermal effects when the sample is excited by high fluency laser pulses. In ref. [20] it has been proved that resonantly pumping a porous silicon films with nanosecond focused pulses leads to thermal nonlinearities, having about the value: Re(χ (3) )=10 -1 esu, with a response time of a few ms. In resonant nonlinearities the refractive index changes are due to the generation of high densities of photocarriers. Dealing with enhanced optical nonlinearities in quantum-sized porous silicon it was suggested that the resonant Kerr optical nonlinearity could be significantly enhanced due to the localization of excitons in Si nanocrystals. In reference [21] , for resonant excitation at the band edge the value of Re(χ (3) )=10 -8 <0 esu was predicted, with a response time of a few ps. Nonresonat nonlinearities take place when the light linear absorption is negligible (at frequencies well below the absorption edge) and are related to the anharmonic motion (or virtual excitations) of bound electrons. Non resonant nonlinearities are very fast: typical recovery times of the order of picoseconds. In reference [22] has been proved that dispersion properties of real part third order nonlinearities Re(χ (3) (ω)) follows a systematic universal dispersion curve which agrees well with measured properties of a wide range of bulk solids, including semiconductor and wide range dielectric. According to such results Re(χ (3) (ω)) it is negative for photon energies just below the fundamental absorption edge (we indicate it by Eo), then it changes sign nearly midway between Eo and the photon absorption edge Eo/2 and is positive at lower energies. Despite the fact that in the transparence range semiconductor nanocrystals may be more convenient for χ (3) based nonlinear devices, resonant optical nonlinearities in quantum confined semiconductors have been investigated in some details, whereas very few works have been published on nonresonant nonlinearities. In particular a systematic study at different wavelengths of below-band-gap nonlinearities in PS has been done only in reference [23] . Evidencing the importance role of quantum confinements of carriers, they proved how the dispersive scaling of Re(χ (3) (ω)) clearly diverges from the bulk semiconductor ones. In particular the observed dispersive scaling of Re(χ (3) (ω)) shows a significant difference with crystalline semiconductor: the photon energy interval, in which Re(χ (3) (ω)) is negative, is red shifted with to respect to the bulk case. Moreover they proved the dominance of the refractive index nonlinearity on the absorption nonlinearites in nonresonat regime. Finally they measure the following value: 0<Re(χ (3) )= 10 -9 esu [23] . Early interest in Stimulated Raman Scattering (SRS) arose because it could provide intense coherent radiation at new frequencies. Stimulated Raman scattering is typically a very strong scattering process: ten percent or more of the energy of the incident laser beam is often converted into the Stokes frequency. Stimulated Raman scattering takes place, under excitation by an intense laser beam, when the number of Stokes photons is sufficiently large. In this hypothesis, photon stream at a Stokes frequency, injected along with the pump, is amplified. This process is called stimulated since previously produced Stokes photons stimulate the reproduction of new ones. A difference between spontaneous and SRS is that the spontaneous process leads to nearly isotropic emission, whereas the stimulated process leads to emission in a narrow cone in the forward and backward direction (the process is highly directional). Moreover it has a definite threshold of excitation; the linewidth is much narrower than that of the spontaneous line; only the frequencies belonging to the sharpest and the most intense spontaneous Raman lines show up [17, 18, 24] . Stimulated Raman scattering can be described as a third order wave coupling process between the pump and the Stokes wave. When the depletion of the pump field is negligible an exponentially growing solution is obtained. The Raman gain is dependent on the pump intensity and a gain coefficient which depends on materials. Coherent Anti-Stokes Raman scattering (CARS) is very interesting in order to generate light having a particular wavelength. The CARS is a nonlinear four wave mixing process. It involves interaction of three fields: the pump, the Stokes and anti-Stokes fields, which interact inside the medium via χ (3) tensor. It can be described as a four-wave parametric generation process with the pump wave, Stoks fields and antistokes fields being the signal and idler wave respectively. CARS is generated in the phase-matching direction at the anti-Stokes frequency ω AS =2ω-ω s [17, 18, 24] . Considering only the χ (3) component of the optical interaction and assuming no pump power depletion, a detailed theory describing the interaction of Stokes and anti-Stokes wave via SRS and Four Wave Mixing (FWM) has been developed in the past by Bloembergen and Shen. We note that a number of simplifying assumptions were made in the theory, which thus far have not been met under the actual experimental conditions. In particular the mode structure and nonuniformity of the laser beam are not in agreement with the laser assumption of uniform plane waves of infinite lateral extent. Moreover depletion of the laser power implies that the laser field may not be treated as a fixed constant parameter. SRS is characterized by the stimulated conversion of photons from an intense optical pump wave into lower-frequency Stokes photons through excitation of a vibrational wave of the transmission medium. The influence of four-wave mixing (FWM) on this process manifests itself through a parametric effect that couples the pump and Stokes wave and that leads to the generation of so-called anti-Stokes wave. This up-shifted wave is located in the spectrum symmetrically to the Stokes wave with respect to the pump-beam. The solution in the limit of no pump depletion presents important physical results: two composite waves are formed. One of them may experience an exponential gain and the other a loss. It depends on phase mismatching. If the phase mismatching is sufficiently large then the Stokes and anti-Stokes are effectively decoupled and the Stokes wave experiences an exponential power gain while the anti-Stokes experiences attenuation, so this wave is negligible. This case corresponds to an SRS dominated regime, in which the large phase mismatch diminishes the FWM efficiency. The second case corresponds to a nearly phase matched condition, in which the a-Stokes signal is linearly amplified via the FWM effect. This process depletes the pump wave effectively suppressing the exponential SRS gain [23] . It is important to note that at present, at least in our knowledge, there are no papers in literature about this interesting phenomena like Stimulated Raman Scattering (SRS) and Coherent Anti-Stokes Raman scattering (CARS) in nanostructured Porous silicon. It represents next step of our work.
Experimental Results
In this paragraph experimental results, proving Raman emission at 1.54 micron in porous silicon, are reported. A significant Raman signal could give us the possibility to explore nonlinear effects like Stimulated Raman Scattering (SRS) and Coherent Anti-Stokes Raman scattering (CARS), which could allow the generation of light or the conversion of wavelength. The Experimental set-up is shown in figure 1 . The pump laser is a high power Cascaded-Raman-Cavity (CRC) fiber laser (Streamline-RL from Spectra-Physics). The laser delivers a CW randomly polarized light at 1427 nm. In order to obtain a collimated beam the fiber is connected to a FiberPort (FP1). The FiberPort is a miniature micropositioner, enabling active alignment of an aspheric lens for collimating or free beam to fiber coupling. In order to obtain 2 nm linewidth, a bandpass filter (F1) is put later on the FP1. A Polarization cube Beam Splitter (PBS) is used to split the pump beam into two orthogonal linearly polarised components. In particular P-polarised light is transmitted and S-polarised light is reflected. Measuring the S reflected polarized beam, by a power meter, the power incident on the sample can be monitored. The P polarized beam, acting as the Raman pump, crosses a microscope objective lens (M=20X) and it impinges onto the sample. The microscope objective lens is also useful in order to collect the signal constituted by the reflected beam and the Raman signal backscattering. In order to maximize the power of collected signal, the microscope objective lens is mounted on a stage with three degrees of freedom. The collected signal, impinging on the PBS, is splitting in two linearly polarised lights. In order to remove the pump signal (at 1427 nm) from the collected signal, the S polarised light, reflected by the PBS, crosses a long pass filter at 1500 nm, whereas the S backscattering Raman goes through it and impinges onto FP2. In this case the fiber port is used in order to couple the free beam in fiber. Finally the signal is sent to Optical Spectrum Analyser (OSA) for analysis. In our experiment silicon and porous silicon samples are measured. Silicon sample is cut from a typical silicon wafer, while porous silicon sample is obtained by an elettrochemical etching starting from p+ silicon wafer. The monolayer realised has a porosity p=0.7 and a thickness d=3 micron. The measures are carried out at room temperature. Being the characteristic of Raman scattering in silicon sample are well known, in order to test our experimental set up, we carried out some preliminary measures on silicon. The sample is put on a rotating stage and the value of angle with respect to the plane of incidence is 45°. The Raman spectra measured in silicon sample is shown in figure 2 . It is symmetric and is in excellent agreement with the value of the optical phonon frequency in silicon. In fact it has a peak at 1542 nm, corresponding at 15.7 THz red-shifted from the pump wavelength. In order to point out the principal difference with respect to silicon sample, the Raman spectra measured in porous silicon sample is also shown in figure 2 . We note that also in the case of porous silicon the observations are in excellent agreement with the behaviour described by the theory. Due to the small crystalline size, quantum confinement relaxes the q=o rule and phonons at q#O become Raman active as a consequence the phonon peak broadens towards lower energy and shifts slightly. In the figure 3, the measured spontaneous Raman back scattering from porous silicon sample at increased incident power are reported. The incident powers onto the sample are 0.5 W and 1W respectively. It is important to point out that as expected from theory the spontaneous Raman is a linear effect. At present, unfortunately the obtained signal is too low in order to study nonlinear effect like SRS and CARS. In our opinion the results can be justify taking into account the thickness of sample, which it is too small. We believe that increasing the thickness an increase of Raman signal can be obtained, too. Moreover a stronger improvement could be obtained also utilising optical micro-cavities.
Conclusions
In this paper an approach, based on Raman scattering in porous silicon, is presented. Preliminary experimental results proving Raman emission in porous silicon at 1.54 micron are for the first time reported. Even if it is necessary to improve the results, we believe that they are encouraging for future investigations of nonlinear effects like: Stimulated Raman Scattering (SRS) and Coherent Anti-Stokes Raman scattering (CARS).
